Abstract-We present our investigation of organic solar cells by modeling and simulation after numerically solving Poisson and continuity equations that describe the electric property of semiconductors. Specifically, simulations reveal that Langevin type recombination, which describes the loss mechanism in pristine materials with low mobility, is not proper to predict the performance of BHJ organic solar cells and will lead counterintuitive simulation results. Then, the recombination mechanism has been studied in bulk heterojunction (BHJ) organic solar cells by simulating intensity-dependent current-voltage (J-V) measurements. The simulation results indicate that primary loss mechanism is monomolecular recombination. Moreover, the unbalanced carrier transport in organic solar cells is explored and the simulation suggests that increasing hole mobility is an effective method to improve the performance of organic solar cells.
I. INTRODUCTION
The current organic photovoltaic cells with best performance are made of bulk heterojunctions (BHJ). [1] However, many issues regarding organic solar cells need to be solved and improved before they are commercially viable (with power conversion efficiency of at least 10%) [2] . To further optimize the performance of organic solar cells and eventually reach the goal of 10% power conversion efficiency, guidance from theoretical and simulation studies will play a key role. Due to the complexity of bulk heterojunction configuration (intermixing of donor and acceptor in nanoscale morphology) in organic solar cells [3] , theoretical and simulation studies mainly focus on one or a few aspects of the device and only few of them concentrate on modeling and simulation of the operation of organic solar cells (the full experimental J−V characteristics). These device modeling and simulation studies on the operation of organic solar cells, unfortunately, are fundamentally flawed. By tuning a few parameters, the simulation results may fit the experimental data, but these parameters often have large discrepancy from theoretical calculation and experimental observation [4] [5] [6] . Clearly, an invalid simulation result will provide misleading guidance on understanding the operation of devices and improving the performance of devices.
In this paper, after numerically solving coupled Poisson and continuity equations, we investigated the operation of BHJ organic solar cells by modeling and simulation, which provide guideline to optimize the performance of organic solar cells.
II. BASIC EQUATIONS AND SOLUTION METHOD
One-Dimension simulation is enough to describe the performance of organic solar cells because they are thin film devices (about 100nm thickness). The electrical behaviour of semiconductor devices can be described by Poisson's equation [7] )]
and continuity equations for electrons and holes as:
in which, φ represents electric potential; q is unit charge; ε is dielectric constant of the semiconductor; n and p are electron and hole density respectively; J n (J p ) is electron (hole) current density; G is generation rate and R n(p) is recombination rate. For the steady state analysis (
J n(p) can be expressed as functions of φ, n and p, consisting of drift and diffusion components as follows: (7) where μ n(p) is electron (hole) mobility and D n(p) is electron (hole) diffusion coefficients. In order to elucidate the recombination loss in organic solar cells, Einstein relation (D/μ=kT/q) was assumed for simplicity without causing significant deviation. [8] Ohmic contacts are always implemented as simple Dirichlet boundary conditions, where the surface potential and carrier densities are fixed at both ends. [9] Because of the coupling between the electric potential φ and carrier density n(p) in the drift current, it is impractical to analytically solve differential equations (1) (2) (3) (4) (5) . Therefore, we used numerical method to solve coupled differential equations. The first step is normalization, which simplifies the calculation in the numerical simulation, especially for Poisson and continuity equations in which there are some constant parameters. The normalized parameters are Debye length, intrinsic carrier density (n i ), thermal energy (kT/q), and etc. as shown in the Table I. 
After normalization, the second step is to discretize electric potential φ and carrier density n(p) on a simulation grid so that the continuous functions are able to be represented by vectors of function values at the nodes and the differential operator are replaced by suitable difference operators. One dimensional ununiformed grid is shown in Figure 1 . The region considered here (x=0 to x=W) has been discretized to N w nodes, which were numbered as 1, 2, …, N, …, N w . The middle point between N node and N+1 node was named M. Therefore, there are totally N w -1 middle points between the nearest nodes, named 1, 2, …, M, …, M w (M w =N w -1). The distance between N node and N+1 node is h(M) and the distance between middle point M-1 and M is h(N). The discretization of electric potential φ using central differential formula can be expressed as:
The discretization of carrier density n(p) requires more care because the change of electric potential φ in the semiconductor is gradual but the change of carrier density n(p) is fast and hence the general calculation method will always result in non-converge situation. Therefore, Scharfetter-Gummel method was applied to discretize the carrier density n as: [10] (10) in which, prefactor g i (x) is:
it is clear that in the middle between nearest grid points, the carrier density has nonlinear relation with the distance x.
Then, Gummel iteration [11] was used to numerically solve those normalized and discretized equations. Assuming fixed quasi-Fermi levels, Poisson equation is first solved by an inner Newton loop. Subsequently, new potential is substituted into continuity equations to update the electron and hole densities. The new carrier densities are substituted back into Poisson equation and another iteration begins. This iteration will continue until the convergent solution is obtained. The flow diagram of decoupled simulation is shown in Figure 2 . In order to simulate full J-V curves, φ(x), n(x) and p(x) will be numerically solved at different bias voltage V as shown in Figure 2 . The validity of the simulation on operation of BHJ organic solar cells is mainly determined by the accurate description of recombination term R n(p) as discussed in the following.
III. SIMULATION RESULTS AND DISCUSSIONS
After numerically solving the coupled Poisson and continuity equations, we can use the simulation tool to investigate the operation of organic solar cells as follows.
A. Langevin Bimolecular Recombination in Organic Solar Cells
Langevin type bimolecular recombination was often assumed in organic solar cells [14] because of the low carrier mobility in the disordered materials. Herein, we show that Langevin bimolecular recombination should not dominate the loss mechanism in BHJ organic solar cells.
As shown in Figure 3 , bimolecular recombination rate is related to two steps: 1. finding each other; 2. the direct recombination rate. In semiconductors with high mobility such as crystal silicon, carriers move fast to find their counterpart (step 1) and hence direct recombination (step 2) is dominant. However, in pure materials with low mobility the time to find each other (step 1) is dominant for recombination. Langevin recombination is always used to describe the loss mechanism in pure materials with low mobility as shown in Figure 3a . However, besides the low mobility, there is another unique property for BHJ organic solar cells as shown in Figure 3b : two kinds of materials blending together instead of the pristine material and hence photoexcited electrons and holes are not only energy separated but also spatially confined in different phases within nanometer scale. This scenario can not be fully described by Langevin-type bimolecular recombination rate. Theoretically, it has been discussed that Langevin-type bimolecular recombination is not proper to describe the recombination in organic BHJ solar cells. In the following, it has shown the counterintuitive simulation results based on Langevin-type bimolecular recombination. J-V curves for different carrier mobility by using Langevin type bimolecular recombination are simulated as shown in Figure  4 . The y axis in the inset is logarithm scale to clearly show the change of open circuit voltage (V oc ). The mobility ratio between electron and hole is fixed at μ h /μ e =0.1, which is always true in polymer/fullerene organic solar cells. [15] The simulation results using Langevin type bimolecular recombination demonstrate that the performance decreases when increasing carrier mobility, which is counterintuitive because increasing carrier mobility always facilitates the extraction of photoexcited carrier and therefore, improves the performance of solar cells. [16] 
B. Investigation of Recombination Loss Mechanism by Simulating Intensity-Dependent J-V Curves
In order to testify any physical model, instead of simulating only one experiment data, it is crucial to simulate a set of experiments because it is flexible to manipulate some parameters to fit the single experiment data but it is not possible to fit the simulation results into a set of experiment data if those parameters are incorrect. Therefore, in the following, a set of experiments (intensity-dependent J-V curves) was simulated to investigate recombination mechanism in BHJ organic solar cells, which strongly related to their performance.
Considering the intermixing of donor and acceptor materials in nanoscale morphology, bimolecular recombination was always assumed as the primary loss mechanism in BHJ organic solar cells. However, our simulation of the intensity dependent J-V curves demonstrates that bimolecular recombination is not proper to describe the operation of BHJ organic solar cells. The bimolecular recombination (R n(p) =r*n*p) was first applied to simulate intensity-dependent J-V measurements as shown in Figure 5 . The symbols represent experimental data and solid lines represent simulation results. The bimolecular recombination rate was first derived by fitting simulation results with J-V curve of 100mW/cm 2 (red square) intensity. Then all other parameters were fixed except generation rate (G) to simulate intensity dependent J-V curves. It is clear that in region 1 and 3, the simulation fits the experiment very well. However, in region 2, the discrepancies between simulation and experiment data become more and more significant with gradually decreasing light intensity.
It is well known that the extraction of photoexcited carriers is efficient in Region 1 due to the strong electric field at large reversed bias and hence the current in Region 1 is primarily determined by the photoexcitation (G); In Region 2 where the internal electric field is moderate, the extraction of photoexcited carriers is not efficient as in Region 1 and thus the current in Region 2 is strongly reduced by the loss mechanism (R); while in Region 3, carrier mobility determines the current at forward bias. Therefore, deviation of the simulation from the experiment in Region 2 implies that the loss mechanism (bimolecular recombination) used in the simulation is unsuitable.
Moreover, the bimolecular recombination rate used for the above simulation is r b = 1.14r L , in which r L is Langevin type bimolecular recombination rate as r L = (q/ε)*(μ n +μ p ). However, lots of fundamental studies such as time-of-flight and transient absorption spectroscopy revealed that the bimolecular recombination rate in BHJ organic solar cell is not Langevin-type but significantly suppressed. Therefore, the large difference between bimolecular recombination rate derived from the simulation above and the value determined by the direct observation also indicates that bimolecular recombination is not proper to describe the loss mechanism in BHJ organic solar cells. Then, monomolecular recombination was used to simulate the intensity-dependent J-V curves as shown in Figure 6 . For the followed fitting, parameters except recombination term (R) remained the same because the good fitting in region 1 and 3 implies that value of mobility and generation rate are proper. The simulation fits intensity dependent J-V curves very well, which strongly indicates that the monomolecular recombination should dominate the loss mechanism in BHJ organic solar cells. [12] From the simulation, it is found that the carrier lifetime is about 200 ns, which is similar to the life time of charge transfer exciton. [13] 
C. Unbalanced Carrier Transport
It is well known that electron mobility in the fullerene derivatives (acceptor) is faster compared with hole mobility in the conjugated polymer (donor) even after annealing [14] , which results the unbalanced carrier transport. The unbalanced carrier transport is detrimental to extraction of photoexcited carriers and limits the power conversion efficiency [15] , which is simulated as shown in Figure 7 . It is clear that due to the unbalanced carrier transport, the short current density and fill factor are both reduced (dashed line) compared with the situation of balanced carrier transport (solid line). In order to illustrate the unbalanced carrier transport in organic solar cells (in another word, space charge effect), carrier densities of electrons and holes versus position are calculated at short circuit current (V = 0) as shown in Figure  8 . It is clear that if electrons and holes have similar mobility (solid line), the extraction of them is balanced. However, if hole mobility is one order smaller compared with electron mobility, there is space charge (holes) near the anode which can not be fully extracted as shown in dashed line. There are two detrimental effects of this space charge near the anode: First, the space charge reduces the built in electric field and thus impede the efficient carrier extraction; Second, the space charge near the anode increases the carrier recombination and decreases the performance.
This simulation on unbalanced carrier transport suggests that increasing hole mobility is an effect way to improve the performance of organic solar cells. In our recent work, we have proved that single-walled carbon nanotubes are donor materials to transport photoexcited hole in organic solar cells [16] , which account for the improved performance of CNT enhanced organic solar cells [17] . This experimental observation validates simulation results above. 
IV. CONCLUSIONS
In summary, we have developed a simulation tool based on Poisson and continuity equations to simulate the complete operation of bulk heterojunction organic solar cells. Using the developed simulator, we have investigated the recombination loss in bulk heterojunction organic solar cells by simulating intensity dependent J-V measurements. Comparison between simulation results and experimental data indicates that the primary loss mechanism in organic solar cells is monomolecular recombination instead of bimolecular recombination due to the unique property of bulk heterojunction organic solar cells. Moreover, simulation shows that unbalanced carrier transport in organic solar cells is detrimental to the carrier extraction, which indicates that increasing hole mobility is an effective way to optimize the performance of organic solar cells.
